A combined method of microchip electrophoresis and multiple enzyme restriction fragment length polymorphism analysis, by which bacterial phylogeny was estimated by comparing the measured multiple enzyme restriction fragment (MERF) to that of the theoretical MERF of various kinds of bacteria, was adapted to monitor an antibiotic-resistant bacterial group in field soils. One hundred and ninety bacteria showing polymyxin B tolerance were newly isolated from experimental field soils where a large amount of liquid livestock feces (600 t/ha/year, 120 t/haրyear) has been applied annually, and neighboring area where feces were not applied (0 t area). In the 0 t area, most bacteria grown on PP agar was Bacillus spp. (80%), which decreased to 21.7% in the 120 t field, and 15.6% in the 600 t field. As the percentages gram negative bacteria, Cytophagales, and Spirochaetales increased to 10.0% in the 120 t field, and 33.3% in the 600 t field, and 7 isolates from the 120 t field and 18 isolates from the 600 t field were ordinary bacteria inhabiting in animals and feces, they originated from livestock. As polymyxin B is bactericidal for gram-negative bacteria, some of the gram-negative bacteria isolated from both the feces-applied fields were supposed to be polymyxin B-resistant bacteria. © Pesticide Science Society of Japan Keywords: polymyxin B resistant bacteria, field soil, livestock feces, microchip electrophoresis, multiple enzyme restriction fragment length polymorphism analysis.
Introduction
The application of antimicrobial agents has inevitably produced resistant microorganisms, and the breakpoint based on MIC 50 (index of antibiotic resistance) for each hazardous clinical isolates has normally been used as an index for chemotherapy. 1, 2) This method is insufficient to predict an outbreak of new resistant bacteria or to evaluate risk to the environment where various resistant microorganisms are freely transmitted. 3, 4) Bactericidal agents used for crop protection in agriculture are mainly converted from the same compounds used for chemotherapy in clinical use or chemotherapy for livestock, and used as antibiotic growth promoters for livestock (AGP). When bacteria, which have already acquired antibiotic resistance during usages, are transmitted to fields, the application of bactericidal agents for crop protection might not only be effective, but might specifically promote the proliferation of resistant bacteria in the field. [3] [4] [5] [6] A method to evaluate an outbreak of antibiotic resistance in the field is required not only to search for effective antibiotics for crop protection but also to evaluate the risk for antibiotic resistant bacteria. [3] [4] [5] [6] At present, various kinds of manure and compost originating from diverse biological waste, which sometimes includes antibiotic resistant bacteria, [3] [4] [5] [6] [7] e.g., livestock feces, organic manure, and sewage sludge, are introduced into field soils to be used as organic fertilizers or under a governmental policy aiming to promote recycling and re-use limited organic waste.
In this manuscript, our newly developed phylogeny estimation system, based on multiple enzyme restriction fragment length polymorphism, 8, 9) was used to confirm whethere the method is suitable to monitor antibiotic resistance in the field.
Bacteria having polymyxin B tolerance were newly isolated from two upland andosol experimental field soils in Miyakonojyo, Miyazaki, Japan, on April 17, 1998 and June 18, 2004; a field under 10-year monoculture of corn supplied with liquid livestock feces (600 t/ha/year), and the same field supplied with liquid livestock feces (120 t/ha/year) twice a year from 1985. The feces was applied to the soil surface and mixed to a 10 cm depth on April 18.
10) Bacteria were also isolated from an adjoining andosol grassland, and a neighboring area, which had been left fallow for over 10 years, where the application of feces had no influence on microbial flora.
The number of total Bacillus spp. was estimated by the dilution plate method using peptone-polymyxin medium (PP medium; 10 g proteose peptone (Difco, Sparks MD), 5 g NaCl, 15 g agar and 5 mg polymyxin B sulfate per liter, pH 7.0. 11) After 3 days incubation at 30°C, bacteria were isolated and re-isolated using the same PP medium. Culturable bacteria were also counted using MacConkey Agar (DAIGO, Tokyo Japan) plates, and DesoxyCholate Agar (DAIGO, Tokyo, Japan) plates.
MERFLP of amplified 16S rDNA
Chromosomal DNA of isolate was prepared as described previously and purified by conventional methods.
12) Amplification of 16S rDNA was according to a previous study 8) using the V2 forward primer (41f; 5ЈGCTCAGATTGAACGCTG-GCG 3Ј, corresponding to 22-41 positions of the 16S rRNA gene of E. coli 13) ), and the V6 reverse primer (1066r; 3ЈGTC-GAGCACAACA CTTTACA5Ј corresponding to the 1066-1085 positions). 14, 15) The PCR product (10 ml) was separately digested using 10 units of the restriction enzyme, HaeIII or HhaI or Rsa I (Takara Bio Co., Ltd., Shiga, Japan) in Low salt buffer solution (10x Low salt buffer, Takara Bio Co., Ltd.).
Fragment length measurement by microchip electrophoresis system
Fragment lengths of 12 samples were automatically measured using a microchip electrophoresis system within 7 min (Cosmo-i SV1200; Hitachi Electronics Engineering Co., Ltd., Tokyo, Japan). Measurement was performed basically according to the manufacturer's manual. Sample preparation was modified and internal standards were newly prepared in order to measure the sizes and intensities of all the restriction fragments as acuurately as possible. The sample was diluted using de-ionized water (10-folds Low salt buffer) before loading onto an i-tip DNA (IC-1000, Hitachi Chemical Industry Co., Ltd., Tokyo, Japan) disposable electrophoresis capillary filled with gel to decrease salt concentration (data not shown). A DNA fragment (65 bp; 5ЈGCTCAGATTGAACGCTGGCGA-CATTTCACAACACGAGCTGGCTCAGATTGAACGCTG-GCGACATT3Ј) was used as the lower internal standard, and the PCR product amplified by 41f/1066r primers was used as the upper internal standard after separation by agarose gel electrophoresis and purification by a Qiaex II Gel extraction kit (Qiagen, Maryland USA), which was co-applied with samples. To calibrate fragment sizes, a 100 bp DNA Ladder marker (100 bp to 1500 bp; Promega, Madison WI) was used.
Theoretical multiple enzyme restriction fragment length (MERFL) database used for estimation
The theoretical MERFL database was edited using a system developed by Watanabe and Okuda, 9) as described previously. 8) For 41f/1066r primers, 4,370 sequence files having a DNA region between the same reverse and forward primers used for sample analysis (post-amplification sequence files), which consisted of 576 bacterial genera, and 143 uncultured and 34 unidentified bacteria, were mainly re-edited from 20,952 small subunit rRNA files in RDP II release 7.01 16) under 5-base mismatches at both primer annealing sites. The theoretical MERFL database was constructed from 4,370 post-amplification sequence files for 41f/1066r primers. Restriction sites having unread bases were ignored and the data of the restriction enzymes, DNA primers, and each fragment length were automatically obtained from the post-amplification sequence files.
Phylogenetic estimation and representation by the de-
veloped system 8, 9) The pairwise distance (D AB ) between the measured RFLP(A) and the theoretical RFLP(B) was calculated by the following equation; D AB ϭ1Ϫ2N AB /(N A ϩN B ), where N A and N B were the numbers of fragments of each RFLP and N AB was the number of shared fragments of the same size within an error range, according to Nei and Li. 17) The pairwise distance of the MERFLPs (D ABME ) was an average of all the D ABS for used restriction enzymes. Similarity (%) was (1ϪD ABME )ϫ100 (Tables  2-5 ).
In the similarity search process, the data processing described in the previous paper 6) was basically used and fragments smaller than 100 bp were eliminated from both theoretical and measured MERFLs, because there were many fragments smaller than 100 bp, which were misread over 10% allowance limit of the measuring error.
6) The following data processing was also used; fragments originating from a minor gene, unselectively amplified DNA or noise were differentiated from fragments originating from homogeneous 16S rDNA and eliminated as follows; until the sum of the fragment sizes did not exceed the original 16S rDNA length (1070 bpϮmeasuring error), the length of the selected fragments, which had higher relative mole concentrations (ratio of fluorescent intensity to fragment size), was summarized.
The allowance limit for measuring error was set at 10% in the first analysis, and then gradually increased to 16% until completely identical to theoretical MERFL (100% similarity) (Tables 2-5) . If the completely identical theoretical MERFL could not be reached, the combinations of restriction enzymes used for analysis were changed (Tables 2-5). As to the measured MERFL which had no completely identical theoretical MERFL, the theoretical MERFL having the highest similarity to the measured MERFL is shown in Table 2 -5.
Results

Culturable bacterial numbers
Bacterial numbers counted on PP medium in all fields were higher than those counted on MacConkey Agar plates and Desoxycholate Agar plates ( Table 1 ). The numbers in the 120 t field (17.3ϫ10 6 CFU/g dry soil) and in the 600 t field (17.9ϫ10 6 CFU) were higher than those in the uncultivated soil (0.2ϫ10 6 CFU), 18) cultivated upland soil (1.2ϫ10 6 CFU), 18) and paddy field soil (0.9ϫ10 6 CFU).
19)
Phylogenetic estimation by MERFLP
Thirty-nine bacterial isolates, which were affiliated to gramnegative bacteria consisting of a proteobacteria (10 isolates), b proteobacteria (4 isolates), g proteobacteria (12 isolates), d proteobacteria (4 isolates), Cytophagales (8 isolates), and Spirochaetales (1 isolate), are summarized in Table 2 . Nine isolates (23.1%) were completely identical to the corresponding measured MERFL (100% similarity) by permitting a 10% allowance limit of the measuring error, and 13 isolates reached 100% identity by re-setting the allowance limit to a higher value (56.4%). Eighty-one bacterial isolates, which were affiliated to be Actinobacteria, consisting of Actinomycetaceae (3 isolates), Bifidobacteriaceae (9 isolates), Cellulomonadaceae (3 isolates), Corynebacteriaceae (7 isolates), Kineococcus group (3 isolates), Microbacteriaceae (5 isolates), Micrococcaceae (19 isolates), Nocardioidaceae (3 isolates), Nocardiaceae (15 isolates), Streptomycetaceae (6 isolates), Pseudonocardiaceae (2 isolates), and other Actinobacteria (6 isolates), are summarized in Tables 3 and 4 . Twenty-one isolates (25.9%) were completely identical to the corresponding measured MERFL (100% similarity) by permitting a 10% allowance limit of the measuring error, and 18 isolates reached 100% identity by resetting the allowance limit to a higher value (48.2%).
Seventy isolates, which were affiliated to low GC content gram-positive bacteria consisting of Bacillus spp. (53 isolates), its related genera (6 isolates), and the other GC content gram-positive bacteria (11 isolate), are summarized in Tables  4 and 5 . Thirty-six isolates (51.4%) were completely identical to the corresponding measured MERFL (100% similarity) by permitting a 10% allowance limit of the measuring error, and 12 isolates reached 100% identity by re-setting the allowance limit to a higher value (68.6%).
Analysis of bacterial flora
Bacterial isolates from the 0 t area comprised Bacillus spp. (80.0%), the other low GC content gram-positive bacteria (Low GCϩ) (2.5%), Actinobacteria (12.5%), and Proteobacteria (5.0%) (Fig.1) . The percentages of Bacillus spp. were higher than those isolated from the 120 t field (21.7%), and the 600 t field (15.6%) (Fig. 1 ). The percentages of Actinobacteria and proteobacteria were lower than those from the 120 t field (58.3%, 8.3%), and the 600 t field (45.6%, 25.6%) ( Fig. 1) . Cytophagales or Spirochaetales were only isolated from both feces-applied fields (Fig. 1) .
Phylogenetic estimation by MERFLPs indicated that the following 7 isolates from the 600 t field were of animal origin: 60-2 26 Brucella canis (L37584), B6007 Eikenella corrodens (Eik.corro3), 60-2 37 Prevotella bivia (L16475), 60-2 46 Prevotella buccalis (L16476) ( Table 2) , and 60-1 34, 60-20 6, 60-20 2 Rothia dentocariosa (M59055) ( Table 3) , and the following 11 isolates were of feces origin: 60-2 09 Bacteroides distasonis (M86695), 60-2 20 Spirochaeta stenostrepta (M88724) ( Table 2) a) The first number in the strain number represented the site of isolation; "0", "12", and "60" represent the 0 t area, 120 t field, and 600 t field. "B" indicates isolates in 1998, the others are in 2004. b) Restriction enzymes used for similarity search; "Ha", "Hh", "R", and "A" represented Hae III, Hha I, Rsa I, and Alu I. c) Allowance limit for measuring error was first set at 10%, and then increased as described in Materials and Methods. a-e) Remarks are represented as described in Table 2 . Table 3 ). The present results suggested that some bacteria isolated from both feces-applied field soils were of feces origin, which 256 K. Watanabe Journal of Pesticide Science a-e) Remarks are represented as described in Table 2 . survived for at least 2 months after introduction into field soils.
Discussion
Compared to previous studies using agarose gel electrophoresis where 63 isolates (52.5%) of 120 protease-producing bacteria isolated from various field soils were completely identical to the corresponding theoretical MERFL, 8) the percentage of isolates completely identical to the corresponding theoretical MERFL were lower with a 10% allowance limit of the measuring error (39/190; 20.5%), and became similar by resetting the allowance limit to a higher value (110/190; 57.9%). The percentages were lower than those using a microchip electrophoresis system for NO 3 Ϫ -reducing bacteria isolated from the same fields: 60/132 (45.5%) were identical under a 10% allowance limit and 121/132 (91.7%) were identical over the 10% allowance limit (Watanabe and Koga private communication 2008). A lack of corresponding theoretical MERFLs was one reason for the lower percentage of complete identity. In terms of bacterial groups, the percentage of complete identity over the 10% allowance limit was lowest for Actinobacteria (48.2%), followed by that for gram-negative bacteria (56.4%), and that for low GC content gram-positive bacteria (68.6%). In terms of soils, the percentage of complete identity over 10% was lowest for those isolated from the 600 t field (51.1%), followed by those from the 120 t field (58.3%), and the 0 t area (72.5%). Actinobacteria isolated from the feces-applied fields, which had no remarkable characteristics and whose 16S rDNA sequences had not been determined and listed in the 258 K. Watanabe
Journal of Pesticide Science a-e) Remarks are represented as described in Table 2. public database, might mainly lower the percentage of complete identity. Our previous studies of experimental fields have shown that flora of protease-producing bacteria 8) and NO 3 Ϫ -reducing bacteria 20) in field soils were changed by the annual application of liquid livestock feces, and bacteria grown on peptone polyxin B medium were markedly increased soon after application of the feces.
10) The results of plate counting indirectly suggested that a number of bacteria gained resistance to polymyxin B and survived for several months in the field soils, 10) and isolation of pathogenic bacteria suggested that some were of livestock origin. 21) The results of floral changes of polymyxin Btolerant bacteria in both feces-applied field soils were quite similar to those of the protease-producing bacterial flora 8) and those of NO 3 Ϫ -reducing bacteria in these field soils. 20) The present results supported the suggestion of previous studies that rapidly increased bacterial number (7.7 times before application) counted on PP medium 1 week after feces application in the 600 t field 10) was caused by contamination of bacteria along with the applied feces.
Polymyxins (B and E), polycationic peptide anitibiotics produced by Bacillus polymyxa, were bactericidal to gramnegative bacteria (MIC 50 ϭ1 ppm for most gram-negative bacteria, except for Burkholderia cepacia 2) ) due to crossing the bacterial outer membrane by competitive divalent cation displacement by bulky polycations and little to no effect on gram-positive bacteria. As a breakpoint for the reported resistant bacteria of clinical isolates, such as Acinetobacter sp., 2) and P. aeruginosa, 22) was 4 ppm (MIC 50 Ͼ4 ppm), 2) some of the gram-negative bacteria among isolated polymyxin Btolerant bacteria (Table 2) were supposed to acquire antibiotic resistance. Although polymyxin B have mainly been used in hospitals and have never been used as antibiotic growth promoters (AGP), or applied for livestock, polymyxin E (colistin), which has a similar structure and has the same site of action, has been used as an AGP. As large numbers of polymyxin B (over 10 6 CFU/g dry matter) and colistin-resistant bacteria (over 10 6 MPN/g dry matter) are typically found in raw livestock feces, 23) polymyxin B-resistant bacteria isolated in this study were supposed to have been contaminated from liquid livestock feces.
A specific group of hazardous bacteria 24) or a specific group of antibiotic-resistant bacteria 25) could be monitored by using a specific gene primer for target bacteria 24) or inoculation experiment, [25] [26] [27] [28] while no method available by which the whole risk of antibiotic resistant bacteria can be evaluated. ➀ Because antibiotic-resistant bacteria, including opportunistic pathogens mainly cause harmful effects by unexpectedly rapid proliferation under antibiotic treatment 5) rather than through the production of a specific toxin, a primer for producing gene of a specific toxin was not suitable to evaluate their risk; ➁ Because resistance to antibiotics can arise from mutations in the bacterial genome or through the acquisition of genes coding for resistance, 5) which only induce negligible variation in whole bacterial DNA, 1, 29) taxonomical difference was not suitable to discriminate resistant bacteria from susceptible bacteria; ➂ Because there exist various mechanisms for acquired resistance, 30) a primer for a specific resistant gene could not cover whole resistant bacteria but could be used for certain resistant bacteria. 31) The method presented here was found to be effective and useful for the purpose of monitoring whole antibiotic-resistant bacteria in the environment and to evaluate their risk. A more convenient and secure method by which types of bacteria and their numbers can be identified and enumerated by the combined use of a most provable number method (MPN) and a MERFLP method without isolating bacteria have already been developed. As the method was useful not only to enumerate and identify the types of antibiotic-resistant bacteria, but also to search for effective antibiotics, further research in which the numbers and types of multidrug-resistant bacteria in livestock feces were estimated by MPN/ERRFLP will be presented in the next manuscript.
